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In 1995, in the southwestern Vosges Mountains (NE France), 158 of 395 streams (40%) had a pH lower than
5.5 at baseflow. As elsewhere in Europe, acid deposition has decreased since the seventies, as has base cation
deposition. In order to assess the response of streamwater to decreasing deposition, we compared their
present chemical composition to their former composition. All comparisons showed a decrease in sulphate
concentration, which was greater on granite than on sandstone. In addition calcium, magnesium and
aluminium concentrations generally decreased. Acidity in streams draining granite decreased in spring,
especially during the eighties, decreases were not observed on sandstone. Continuous monitoring of 5
streams since 1998 confirmed that Al concentrations decreased while changes in pH were small. Chemical
trends in streams from the Vosges massif fell between those measured in Northern Europe and Central
Europe. This study provides the first broad-scale overview of surface water acidification and recovery in
France and emphasizes the need for continuous monitoring to assess long-term changes in aquatic
ecosystems.
1. Introduction
Since both the United Nations Conference on the Human Environ-
ment in 1972 and the Convention on Long-range Transboundary Air
Pollution in 1979, several protocols havefixed theobjectives of pollutant
reduction and ecosystem monitoring facing acidification and eutrophi-
cation. The results of this united effort are encouraging: SO2 emissions
have decreased by 70% from the beginning of the eighties, and NOx
emissions have decreased by 25%, but important disparities within
European countries remain. Finally, NH3 emissions have fallen by 20% in
20 years aswell (Barrett et al., 2000; Tarrason et al., 2004;W.G.E., 2004).
In North America, SO2 emissions have decreased by 50% in Canada, and
40% in theUnited States during the sameperiod (McMurrayet al., 2004).
As a consequence, sulphate deposition have decreased in both North
America (Boucher and Pham, 2002; Likens et al., 2001) and Europe
(Cooper, 2005; Harriman et al., 2001;Mylona,1996; Vuorenmaa, 2004),
while nitrate and ammonia depositions either have remained stable
(Cooper, 2005) or have decreased (Barrett et al., 2000; Vuorenmaa,
2004) depending on the countries. At many sites, emission control has
resulted in a reduction in proton deposition but also a decrease in base
cation deposition (Hedin and Likens, 1996; Skjelkvale et al., 2001).
In France, SO2 emission has decreased by 88% since the 1973
maximum, NO2 emission has decreased by 41% since the maximum in
1980 andNH3 emission has decreased by 25% since 1986 (Barrett et al.,
2000; CITEPA, 2005) (Fig. 1a). Associated decreases of pollutant
concentrations in precipitation were reported by Croise et al. (2002);
Dambrine et al. (1995a,b) and Ulrich et al. (1993). These trends are
illustrated for the north of the Vosges mountains in Fig. 1b.
Responses of small forest streams and lakes to the decrease in
deposition were synthesized by Driscoll et al. (2003); Ferrier et al.
(2001); Kahl et al. (2004); Prechtel et al. (2001); Stoddard et al.
(1999); Skjelkvale et al. (2001, 2003, 2005); Wright et al. (2001):
- non-marine sulphate concentration decreased significantly in the
eighties and more steeply in the nineties;
- nitrate concentration did not generally decrease in spite of regional
downward trends (North America, Central Europe);
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- alkaline-earth cations (Ca, Mg) decreased markedly. The decrease
was equivalent (in charge unit) to the decrease in sulphate in
North America but less pronounced in Europe;
- Alkalinity/pH generally increased during the nineties in the
Scandinavian countries, East Central Europe and north-east of
the American continent, but not in the United Kingdom, the Ireland
and the Alps;
- dissolved organic carbon increased generally.
These syntheses did not include data from southern Europe,
probably because of the lack of national monitoring programs.
In the Vosges mountains (NE France), Nisbet (1958) reported the
acidity of one stream, attributed to the low calcium content of the
sandstone bedrock and to the occurrence of acid peat land. Bourrié
(1978) studied the composition of springs draining the granitic part of
themassif and defined the composition of water as a complex function
of ecological factors (pathflow, soil types, bedrock, rainfall acidity).
From the eighties, the influence of acid deposition on soil acidification
(Dambrine et al., 1995a,b; Poszwa et al., 2003), surface water
acidification (Fritz, 1982; Kreiser et al., 1995; Massabuau et al., 1987;
Probst et al., 1987, 1990, 1995a) and aquatic organisms (Guérold, 1992;
Guérold et al., 1997; Massabuau et al., 1987; Probst et al., 1990; Tixier
and Guérold, 2005) was studied. Large scale studies on spring and
stream acidity (Party et al., 1995; Probst et al., 1995b, 1999; Thomas
et al.,1999) confirmed that 12% of streamswere acid at baseflow (Party,
1999) whereas this proportionwas close to 40% in the southern part of
the Vosges (Guérold et al., 1997). Using analysis of springs supplying
drinking water in the north-western region on sandstone, Probst et al.
(1999) demonstrated a continuous acidification of springwater
between 1965 and 1995. During the same time, several authors
observed a decrease in soil exchangeable base cations (Bonneau, 2005;
Dambrine et al., 1998; Lefèvre, 1997; Thimonier et al., 2000).
The aim of the present paper was to provide a synthesis of the
historical evolution of surface water chemistry in the Vosges
Mountains. For this purpose, we have considered 4 old datasets
(Nisbet, 1958; Bourrié, 1978; Probst et al., 1990; Guérold et al., 1997)
describing the composition of 135 streams, that were resampled in
2003–2004. Our hypothesis was that the period of high deposition
(seventies and early eighties) had determined an increase in base
cations and sulphate concentrations and a decrease in pH in streams.
But that the decrease of emissions during the nineties would not lead
necessarily to stream recovery.
2. Material and methods
2.1. Studied area
The maximum elevation of the Vosges Mountains is 1424 m. The
climate is oceanic with a continental influence. Rainfall is between 900
and 2300 mmyr−1 and the mean annual temperature ranges from 8 °C
at 600 m to 5 °C at 1200 m. The dominant bedrocks are greywacke,
granite and quartz-rich sandstone. The vegetation is composed of
deciduous and conifer forests (mainlyAbies albaMill. and Fagus sylvatica
L.), widely substitutedwithNorway spruce (Picea abies L.). The summits
are often deforested, covered by heath and surrounded by a belt of
European Beech (Fagus sylvatica L.). The forest has experienced large-
scale needle loss and Mg deficiencies during the eighties and suffered
from an important storm event in December 1999 (Colin, 2003). Fifteen
to 30% of the stands were blown down especially the conifer stands on
sandstone. These phenomena may influence stream hydrochemistry
over several years (Didon-Lescot et al., 1998).
2.2. Samplings
The first dataset concerns one stream (Basse des Escaliers, mean
catchment altitude: 696 m), studied by Nisbet (1958) between May
1955 and March 1957 and sampled again between November 1995
and 1996 (Guérold et al., 1997), and betweenMarch 2002 and October
2003. Bourrié (1978) studied in June 1974 the composition of 40
springs draining the southern granitic part of the massif at high
elevation (mean catchment altitude 1042 m). In autumn 1988 and
spring 1989, Probst et al. (1990) sampled 32 mostly acid streams over
the whole of the massif (mean catchment altitude 780 m). Guérold
et al. (1997) sampled and analysed 62 streams on granite draining the
south-west of the massif (mean altitude 996 m) at low flow in 1995.
All streams have been resampled during the autumn 2003, the spring
Fig. 1. Long-term trends of: (a) annual emissions of SO2, NO2 and NH3 (103 t yr−1) in
France (Barrett et al., 2000; CITEPA, 2005) and (b) annual bulk precipitation
concentrations of S–SO4, N–NO3, N–NH4 and Ca (mg l−1) in the North of the Vosges
mountains (BAPMON/Cenac and Zephoris, 1990 in Ulrich et al., 1993; Croise et al., 2002;
Dambrine et al., 1995a,b).
Fig. 2. Hydrologic regime of the Moselle River at Rupt-sur-Moselle, downstream of the catchments studied (data from DIREN Lorraine). S=spring or A=autumn.
2004 and the autumn 2004. The sampling dates have been chosen to
be close to historical periods and associated hydrological conditions.
Finally, 5 streams on granite (mean altitude 929 m) were also
monitored from the end of the nineties (Tixier 2005; Tixier and
Guérold, 2005). The total prospected area extends over about
5000 km2. The exact location of the original samplings was identified
using the original maps of the investigators at the scale of 1/25,000.
All study sites were chosen upstream of direct human influences such
as housing, farming and industrial activities (except selective logging).
Some streams were excluded because of incomplete original analy-
tical data or recent local pollution by road salting.
2.3. Hydrological conditions
The discharge of the different streams and springs was not
measured. The hydrologic conditions between the different sampling
periods have been compared using the Moselle river discharge data
(Fig. 2). This major river drains all the western side of the massif. The
flow was low during the springs 1974 and 2004 and the autumn of
1988, 1995 and 2003, whereas it was high in spring 1989 and autumn
2004.
The comparison of silica concentrations, which behaviour is
related to discharge, was also used as an indicator of similar
hydrologic conditions (Idir et al., 1999; Ladouche et al., 2001).
2.4. Data analysis
In all studies,waterwas analysed afterfiltration (0.45 µ), and pHwas
measured in the lab with a glass electrode after gentle spinning.
Aluminum was measured by atomic absorption spectrometry (AAS)
with a graphite furnace, or by ICP (this study). Calcium and Mg was
measured by complexometry (Nisbet, 1958), by ICP (this study) or by
AAS. Sulphate and nitrateweremeasured by colorimetry (Bourrié,1978),
Ionic Chromatography (Probst et al.,1990;Guérold et al.,1997) and in this
study by colorimetry (NO3) and ICP (SO4). Silica was measured by
colorimetry or by ICP (this study). Comparison of data measured at
different time intervals was first done graphically by plotting old against
recent values of each parameter. An uncertainty field was empirically
defined using the accuracy of methods routinely used in laboratories:
SO4, NO3 andCa+Mg (±10µeq l−1), Al (±2.5 µmol L−1), Si (±20µmol
l−1) and pH (±0.2 pH unit). These fields were evaluated by Angéli
(2006) from analytical comparisons between (a) differentmethods used
at INRA (SO4 by ICP and IC; NO3 by colorimetry and IC), different
methods (Ca, Mg, Al, SO4, NO3) used at 3 different labs (Metz University,
CNRS Nancy, INRA Nancy), and the same method (pH) used at different
labs (Metz University, CNRS Nancy, INRA Nancy).
For each parameter, we compared the number of values above and
below this uncertainty field. A mean annual change for each
parameter was also calculated. The parametric simple or pared t-
Student test (a) was applied when conditions of normality and
variance was respected. Otherwise, we used the non-parametric test
of Mann-Whitney Rank Sum or Wilcoxon Signed Rank (b). Changes
are significant according to the selected p-value (⁎=b0.05,
⁎⁎=b0.01, ⁎⁎⁎=b0.001, ns=no significant).
Time trends were tested using the multivariate seasonal Mann–
Kendall test (SKT) (Helsel and Hirsch, 1992; Hirsch et al., 1982; Hirsch
and Slack, 1984; Libiseller and Grimvall, 2002). The estimation of the
mean slopewas obtained with the Sen Slope Estimator (c) (Sen, 1968)
and the simple linear regression (SLR).
3. Results
3.1. Comparison: May 1955/October 2003
Between 1955–56 and 1995, pH decreased from 5.2 to 4.2 pH unit
(a, ⁎⁎⁎), Ca+Mg decreased from 162 to 73 µeq l−1 (b, ⁎⁎) and Si
Fig. 3. Changes in SO4, Ca+Mg, pH, and Si in 40 springs between June 1974 and May 2004. The area between the two dotted lines defines the uncertainty field.
decreased from 75 to 65 µmol l−1. Most of this decrease occurred
before 1996.
3.2. Comparison: June 1974/May 2004
Between 1974 and 2004, sulphate concentrations decreased by more
than 10µeq l−1 in 23 out of 40 springs (b, ⁎⁎) and increased bymore than
10µeqL−1 in9 springs (Fig. 3). Thedecreasewas larger in the springswith
high sulphate concentration in 1974. No significant change was observed
in springs draining greywacke (a, ns). Bourrié (1978) had measured
nitrate concentrations in 15 out of 40 springs only. The comparison with
the recent years showed a large data scattering, without clear trend
(b, ns). Calcium and magnesium concentrations decreased by more than
10 µeq l−1 in 27 out of 40 springs (a, ⁎⁎⁎) and increased by more than
10µeq l−1 in7 springs (Fig. 3). The springs showingboth thehighest Ca+
Mg concentrations (N200 µeq l−1) and steepest decrease in base cations
between 1974 and 2004 drained granites rich in amphibole and biotite,
and greywacke. pH increased by more than 0.2 (b, ⁎⁎⁎) units in 23 out of
40 springs (reaching up to +2 pH units for the most acid springs) and
decreased by more than 0.2 pH units in 10 springs (Fig. 3). pH stayed
stable in springs draining greywacke (b, ns). The silica concentrations
remainedstable (variationsbetween+20and−20µmol l−1) in20outof
40 springs between 1974 and 2004, and increased or decreased by more
than 20 µmol l−1 in the 20 remaining springs (Fig. 3).
3.3. Comparison: September 1988–March 1989/October 2003–May 2004
Concentrations in streams on granite were lower than in streams
draining sandstone (Nedeltcheva et al., 2006a,b). Sulphate: granite
b135 µeq l−1 bsandstone; nitrate: granite b50–65 µeq l−1 depending
on the season bsandstone; Ca+Mg: granite b170 µeq l−1 bsandstone.
Between September 1988 and October 2003, sulphate concentra-
tions decreased in 19 streams out of 32 streams (b, ns) and increased
in 6 streams (Fig. 4). Between March 1989 and May 2004, sulphate
Fig. 4. Water chemistry in: 32 streams between September 1988 and October 2003 (left) and 30 streams between March 1989 and May 2004 (right): SO4, NO3, Ca+Mg. Black
circles=sandstone watersheds; grey circles=granite watersheds. The area between the two dotted lines defines the uncertainty field.
concentrations decreased in 26 out of 30 streams (a, ⁎⁎⁎) and
increased in 2 streams (Fig. 4).
The variations in nitrate, alkaline earth cations and pH (Figs. 4 and 5)
showed reverse trends in autumn and spring. Between September 1988
and October 2003, nitrate concentrations increased in 20 out of 32
streams (a, ⁎⁎⁎) and decreased in 2 streams (Fig. 4). Conversely, between
March 1989 and May 2004, nitrate concentrations decreased in 25 out of
30 streams (a, ⁎⁎⁎) and increased in 2 streams (Fig. 4). The shift in
alkaline earth cations was equally contrasted: between September 1988
and October 2003, Ca+Mg concentrations increased in 16 streams (b, ⁎)
and decreased in 8 streams (Fig. 4). As for the nitrates, between March
1989 and May 2004, Ca+Mg concentrations decreased in 22 streams
(a, ⁎⁎⁎) and increased in 6 streams (Fig. 4). Between September 1988 and
October 2003, pH decreased in 13 streams (b, ns) and increased in 8
streams (Fig. 5). On the opposite, betweenMarch 1989 andMay 2004, pH
increased (up to+1 pH unit for the most acid streams) in 20 streams (b,
⁎⁎⁎) and stayed stable in 9 streams (Fig. 5). The aluminium
concentrations decreased by more than 2.5 µmol l−1 in 17 streams
(b, ⁎⁎⁎) and increased in 1 streams (Fig. 5). The silica concentrations
were stable in 30 streams between September 1988 and October 2003,
and in 28 streams between March 1989 and May 2004 (Fig. 5).
3.4. Comparison: October 1995/December 2004
Between 1995 and 2004, sulphate concentrations decreased in 51
out of 62 streams (b, ⁎⁎⁎) (Fig. 6). Nitrate concentrations decreased in
21 streams (b, ⁎⁎⁎), between 1995 and 2004 and increased in only 3
streams (Fig. 6). At the same time, the Ca+Mg concentrations
decreased in 40 streams (b, ⁎⁎⁎) and increased in 7 streams (Fig. 6).
pH remained stable in 31 streams and decreased in 19 streams (b, ns)
which were originally close to neutrality (Fig. 6). Aluminium
concentrations did not change in 36 streams, but decreased in 19
streams (b, ⁎⁎) (Fig. 7). Silica concentrations were stable in 48 streams
and decreased in 9 streams (Fig. 6).
Fig. 5. Changes in pH, and AlT and Si concentrations in 32 streams between September 1988 and October 2003 (left) and 30 streams betweenMarch 1989 andMay 2004 (right): Black
circles=sandstone; grey circles=granite. The area between the two dotted lines defines the uncertainty field.
3.5. Monitoring of 5 streams between January 1998 and November 2005
Fig. 7 shows the changes in water chemistry in 5 streams between
1998 and 2005. Sulphate concentrations decreased significantly and
continuously (except a peak in 2003) in the five studied streamswith a
mean slope ranging from 2.47 to 2.77 µeq l−1 yr−1 according to the
different statistical tests (b, ⁎⁎⁎ and c, ⁎⁎). Nitrate concentrations
followed seasonal variationswith higher concentrations duringwinter
and lower concentrations during summer. Despite this seasonal
variation, nitrate concentration decreased by 0.93–0.60 µeq l−1 yr−1
according to the different statistical tests (a, ⁎⁎ and c, ⁎). The trendwas
less clear for Ca+Mg concentrations. For aluminiumand pH, the study
period could be divided into two periods: 1998–2002 and 2002–2006.
On average, pH was higher and aluminium concentrations were lower
in the second period. Over the study period, the aluminium
concentration decreased by 1.10–0.93 µeq l−1 yr−1 (b, ⁎⁎ and c, ⁎)
and the proton concentration by 1.13–0.78 µeq l−1 yr−1 (b, ⁎⁎ and c, ⁎).
3.6. Comparison of trends across the different studies
Sulphate decreased significantly in all studies except in streams
draining greywacke in the 1974–2004 comparison and in streams
draining granite in the 1988–2003 comparison. The decrease was
steeper in recent years: −1.2 between 1974 and 2004, −1.5 to −1.9
between 1988–89 and 2003–04, −2.66 between 1995 and 2004 and
−2.47 to 2.77 µeq l−1 yr−1 between 1998 and 2005. Moreover, the
annual rate of sulphate decrease from 1995–2004 was in agreement
with that observed during the monitoring study 1998–2005. Because
of important seasonal variation in nitrate concentrations, general
trends across all studies could not be detected. Nevertheless, as with
sulphate, the decrease from 1995–2004 (−0.8 µeq l−1 yr−1) was
coherent with that observed during the monitoring study 1998–2005
(−0.93 to 0.60 µeq l−1 yr−1). Significant changes in base cation
concentrations were found only in streams draining granite (except
the 1955–2005 comparison), and a contradiction was found between
Fig. 6. Changes in SO4, NO3, Ca+Mg, Si, AlT, and pH in 62 streams between November 1995 and December 2004. The chemical variations between the two dotted lines are no
significant.
the rates in 1995–2004 (−3.1 µeq l−1 yr−1) and during the
monitoring period 1998–2005 (−0.90 µeq l−1 yr−1). Since 1988,
aluminium concentration significantly decreased in most studies, but
less in autumnal comparisons (−0.23 and 0.36 µeq l−1 yr−1). The
proton concentration decreased significantly in spring comparisons.
4. Discussion and conclusion
This work is the first synthesis on long-term changes of stream-
water composition in French forested areas. Nevertheless, it suffers
from weaknesses in the sampling scheme and the analytical
procedures.
4.1. Sampling
The various samplings involved in this synthesis cover a fifty-year
time span, but in each study, streams were selected with different
criteria: spatial location, geology or initial acidity. So the different
comparisons did not involve every time the same streams. As a result,
variations in the proportion of acid streams throughout the studied
period cannot be directly interpreted in terms of regional acidity
changes. In order to compare the mean change in concentrations
between two dates, we decided to compare them with recent
concentrations. Re-sampling dates were selected to be close to the
original sampling periods and associated hydrological conditions.
Except for the 1989–2004 comparison, where flow conditions differed
from the old to the recent sampling, the hydrological periods and the
silica concentrations were similar enough tominimize the bias related
to dilution/concentration effect on water chemistry. The seasonal
biological activity influences deeply water chemistry, especially,
nitrate concentrations, which are higher from October to March and
lower from May to August (Probst et al., 1995b). During the autumn
1988–2003 comparison, streams have been sampled one month later
in 2003 (October) than in 1988 (September). In spring, the streams
have been sampled later in 2004 (May) than in 1989 (March). The
increase in nitrate in autumn and the decrease in nitrate in spring are
probably partly due to this shift between the sampling dates rather
than to a long-term variation of nitrate concentrations.
4.2. Analytical techniques
The analytical data compared have been obtained with different
techniques for which data quality may not be comparable. The chosen
approach is based on the empirical definition of uncertainty fields. In
order to strengthen our conclusions, trends obtained by comparison at
different time intervals were checked with recent continuous
monitoring.
The overall sulphate concentrations decreased with time whatever
the time interval investigated and the bedrock. The more recent rate of
decrease is close to−3 µeq l−1 yr−1, a value already observed between
1986 and 1996 in the Strengbach stream draining granite (Dambrine
et al., 2000). These results are in agreement with those reported
between 1990 and 2001 in the following regions:−2.20 µeq l−1 yr−1
(Vermont/Quebec),−2.06 µeq l−1 yr−1 (Adirondacks),−2.27 µeq l−1
yr−1 (Appalachian Plateau) and−2.47 µeq l−1 yr−1 (Upper Midwest)
(Driscoll et al., 2003; Kahl et al., 2004; Skjelkvale et al., 2003). These
rates are lower than thoseobserved inCentral Europe in the eighties and
nineties (Skjelkvale et al., 2003; Stoddard et al., 1999).
Nitrate and earth alkaline cation concentrations vary with the
season. The recent monitoring study (1998–2005) suggests a decrease
in nitrate concentration, which may be related to the slow decrease in
nitrogen emissions aswell as to the improvementof forest health during
this period. This decrease is comparable with data from sites of Eastern
(−0.87 µeq l−1 yr−1) and Western (−1.00 µeq l−1 yr−1) Central
Europe (Skjelkvale et al., 2003). Higher winter peaks in 2002–2004
might be related to the consequences of storm event of December 1999.
Alkaline-earth cation concentrations tend to decrease in recent
years in agreement with the results obtained in the Strengbach
catchment (Probst et al., 1995a,b).
The pH changes were different according to the bedrock and the
time span involved. On sandstone, since 50 years, stream and spring
(Probst et al., 1999) pH has dramatically dropped with no sign of
recent recovery. This is related to the extremely low base cation
content of the bedrock, high porosity and sulphate storage capacity
(Angéli, 2006). On granite, streamwater pH has increased in spring
since 30 years, especially for the most acid streams. The increase in pH
measured between 1974 and 2004 was larger than between 1988(89)
and 2004, or 1995 and 2004. This suggests that the steep decrease of
deposition acidity during the late seventies and early eighties has had
direct effects on stream acidity. Continuous monitoring shows that
stream pH and alkalinity tent to increase only slowly in recent years
(Probst et al., 1995a,b), and that this increase may be masked by
seasonal variations and catastrophic events such as storms etc. No
trend has been evidenced on greywacke, where soils have a higher
acid neutralising capacity.
Overall, the concentration of ions in streamwater has decreased
since thirty years. This decrease results from the decrease in sulphate
and alkaline-earth cations deposition, as well as from the leaching of
Fig. 7. Time variation of SO4, NO3, Ca+Mg, AlT concentrations and pH in 5 streams on
granite between 1998 and 2005 (3rd order mobile means).
soil base cations during former decades. With time, mineral weath-
ering should compensate for the leached base cations and allow soil
base saturation and stream pH to rise again. Factors that may delay
stream recovery are the thickness of the soil and saprolite, the soil
sulphate storage capacity (Angéli, 2006), and, for the most sensitive
streams, the increase in biomass productivity.
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